The consequences of non-trivial topologies in materials have attracted widespread interest in recent years 1,2 . Insulators with strong spin-orbit coupling (SOC) can create a band inversion that necessarily leads to the presence of protected surface states. For materials where electronic correlations are weak, first principles electronic structure approaches have been incredibly powerful in accurately predicting their topology and the corresponding surface states. In the presence of strong electronic correlations, however, new phenomena are anticipated, but are difficult to realize in actual materials 3 . f -electron materials possess both strong spin-orbit coupling and strong electronic correlations and are excellent candidates to explore the combination of non-trivial topologies and correlated electron behavior.
SmB 6 is the most strongly compelling example of a correlated topological insulator, but its small energy scales have resulted in a debate as to the influence of correlations on the proposed surface state 4, 5 . Elemental plutonium and its compounds are known to have strong electronic correlations with larger energy scales than their 4f counterparts, and could be helpful in this regard 6, 7 . Indeed, PuTe and PuB 6 are predicted to be correlated topological insulators, but lack experimental validation 8, 9 . In this work, we have synthesized single crystals of PuB 4 . Our electronic structure calculations indicate this material is also a strong topological insulator, and our transport and thermodynamic measurements support the electronic state proposed by these first principles calculations. The band gap measured by transport, however, is an order of magnitude smaller than predicted by DFT calculations. Similar to SmB 6 , our DFT plus dynamical mean-field theory (DFT+DMFT) calculations suggest this reflects the presence of electronic correlations. This work demonstrates that PuB 4 is a compelling candidate to investigate the influence of electronic correlations on a topological insulator.
Single crystals of PuB 4 were synthesized with plutonium metal 10 and boron powder using aluminum flux 11 . The crystal structure determined by single crystal x-ray 12,13 presented in Fig. 1 with a = 7.109Å and c =4.009Å is in good agreement with previous work on polycrystalline samples [14] [15] [16] . A crystallographically unique Pu atom (shown as blue circles in Fig. 1 ) is surrounded by three different types of boron atoms, distinguished by red (B1), green (B2), and yellow (B3) circles with Pu-Pu distances longer than typical Pu-Pu bond lengths 17 . From the boron perspective, the solid is best described as having two different boron structure types; B 6 -distorted octahedra (yellow and red) and B 2 linking units (green). Unlike the cubic symmetry of the proposed topological insulators RB 6 (R= Sm, Pu) 18 , PuB 4 has tetragonal symmetry, with four formula units (f.u.) in the primitive unit cell. The structure possesses nonsymmorphic symmetries, which impose additional constraints on the electronic structure.
The density of states (DOS) is calculated using density functional theory (DFT) using the generalized gradient approximation as implemented with the WIEN2K code 19, 20 (see supplemental information). Figures 1 (c) and (d) demonstrate how the spin-orbit coupling modifies the metallic ground state (blue lines) to an insulating state (red lines). The band gap when including SOC is 254 meV, which is one order of magnitude larger than the tens of meV gaps in RB 6 (R=Sm, Pu) 8, 21, 22 . Clearly, SOC is essential for establishing the insulating ground state in PuB 4 . Additionally, the near E F spectral weight is dominated by Pu-d and Pu-f states, which suggests that electronic correlations may play a role in the physics of PuB 4 .
The electronic band structure including SOC is presented in Fig. 2 . At all k-points two-fold degeneracies are required by the combined time-reversal and inversion symmetries of the non-magnetic lattice. The bandstructure along R-A and M -X demonstrates the additional constraint in momentum space forced by the nonsymorphic symmetry in real space 23 . Along these paths, when k x or k y = π, a four-fold degeneracy occurs. At R, A, M , and X, two different branches merge into one branch to render the four-fold degeneracy.
To identify the topology of PuB 4 , we first construct a tight binding model from the DFT calculation with Pu f , Pu d, B p and B s orbitals using the maximally localized Wannier function method (see 11, [24] [25] [26] [27] ). As shown in Fig. 2 , the tight binding model accurately reproduces the low energy (E F ± 2 eV) electronic structure of PuB 4 . Using this tight binding model we investigate the topological property of PuB 4 by the evolution, or "flow", of the Wannier centers in momentum space, from which quantized topological indices (the first Chern number or Z 2 number) can then be extracted graphically 28 . Figures 2 (b) and (c) show the Wilson flow in the k z =0 and π planes, respectively. The minimum number of crossings of any horizontal reference line in Fig. 2 (b) and (c) are 1 and 0, respectively. The three-dimensional Z 2 index is determined by whether the summation of these two numbers is even or odd. The odd number for the Wilson flow asserts that PuB 4 is a so-called strong topological insulator.
The Wilson flow calculation together with the space group symmetry of the crystal also informs us about the properties of the topologically protected surface states. The single crossing found in Fig. 2 (b) means an odd number of exchanges of Kramers partners in the k z =0 plane, while there will be an even number of exchanges for k z = π (Fig. 2 (c) ). Since the k z =0 plane has effectively two X points, the exchange occurs at either Γ or M . The non-symmorphic symmetry, however, requires a double degeneracy at the M point so we can conclude that the exchange must occur at Γ. Therefore, in a slab geometry perpendicular to the z axis, a topologically protected Dirac cone will emerge on the surface atΓ of the surface Brillouin zone.
To visualize the topologically protected surface state we computed the electronic structure using a slab geometry. 1x1x10 supercells were prepared with and without open boundary conditions at the top and bottom of the supercell. Due to the computational cost, a reduced basis with only Pu f and Pu d states was employed to compute the slab geometry. We confirmed that the Wilson loop calculation with the reduced basis set possesses the same topology as in Fig. 2 (b) and (c) . We used the same value of E F for the supercells as calculated in the primitive unit cell. Band-folding along the k z axis results in a complicated and dense bandstructure. With periodic boundary conditions as in the bulk crystal the insulating phase is maintained (Fig. 3 (a) ). In the presence of open boundary conditions, however, Fig. 3 (b) illustrates the Dirac cone arising at Γ, as expected from the Wilson flow calculation. Due to the existence of surfaces at the top and bottom of the slab, the Dirac point realizes a four-fold degeneracy. We note that several trivial surface states also manifest due to the large number of Pu f and d orbitals at the surface. Both calculations of the Wilson flow and the surface electronic bandstructure establish a non-trivial topology of PuB 4 using a DFT approach.
Validating the DFT calculations, experiments demonstrate that PuB 4 is a non-magnetic insulator. Magnetic susceptibility measurements are shown in Fig. 4 (a) for a 42.5 mg sample composed of an aggregate of many crystals. The lack of local magnetic moments is reflected by the small and weak temperature dependence of the magnetic susceptibility in agreement with previous studies and similar to that found in other paramagnetic insulators 29 . The small positive value may be a result of a Van Vleck contribution or from in-gap states At low temperatures there is a small increase most likely originating from a minor magnetic impurity of unknown origin. Heat capacity measurements in Fig. 4 (b) reveal a tiny residual electronic term. We fit the specific heat to the expression: C/T = γ + βT 2 below 11 K. This yields γ = 2.5 mJ/mol K 2 and a Debye temperature θ D = 430 K from the formula θ D = (12 π 4 nR/(5β)) 1/3 , where R is the gas constant and n = 5 for the number atoms per formula unit. The presence of a residual γ term is much smaller than what is found in SmB 6 30,31 , which we believe reflects localized in gap states of unknown origin. A large Wilson ratio R W ∼ 11 in this non-magnetic compound implies that the susceptibility and linear specific heat coefficient have different origins.
The insulating nature of PuB 4 is confirmed by the resistivity measurements shown in Fig. 5 . At temperatures below roughly 100 K the resistivity rolls over and begins to saturate. Presently, it is impossible to determine whether the resistivity saturation is a consequence of in-gap states as observed in many Bi 2 Se 3 samples 32 or from a metallic surface state as observed in SmB 6 and some high quality Bi 2 Se 3 thin films [33] [34] [35] . We were unable to vary the thickness sufficiently systematically to draw a conclusion regarding this point. As shown in the inset of Fig. 5 , we fit the resistivity to a parallel con- 
−1 with one channel corresponding to a temperature independent metallic channel that would arise from a surface or impurity band and a second channel corresponding to the activated bulk behavior. This fit gives ∆ = 35 meV for the bulk behavior, which is significantly smaller than the band gap determined by DFT. The resistivity at the lowest temperatures does not saturate as quickly as the simple two channel model would indicate. This may reflect some degree of localization or other correlation effect on the low temperature transport, which requires further investigation.
These calculations and measurements on PuB 4 show that it has properties similar to those of SmB 6 , but with an order of magnitude larger energy scale in the tetraboride (see Table 1 ). In SmB 6 , the DFT determined band gap is ≈ 15 meV 21, 22 , which is larger than the gap of ≈ 2.3 meV measured by resistivity 36 . Below T * ≈ 4 K there is a crossover in SmB 6 to a metallic surface dominated regime 33, 37 . In PuB 4 , both the DFT and resistively determined gaps are roughly an order of magnitude larger than in SmB 6 , and the crossover to a resistively saturating regime occurs roughly 25 times higher in temperature. Additionally, the magnetic susceptibility and residual specific heat values are both roughly an order of magnitude smaller in PuB 4 relative to SmB 6 as one might expect if the energy scales are an order of magnitude larger. This comparison suggests that PuB 4 is an analog of SmB 6 with larger energy scales, which may ease interrogation of its surface states with ARPES and/or STM. In SmB 6 , strong electronic correlations renormalize the DFT determined band gap from ≈ 15 meV to the experimentally measured gap of ≈ 2.3 meV without changing the topology of the system [38] [39] [40] . To see if correlations play a similar role in PuB 4 we investigate the gap size using DFT+DMFT, where an on-site Coulomb interaction (U ) is added to the f -electron 11, 41, 42 . Table II shows the theoretically-determined gap size as a function of U . The value at U = 0.0 eV corresponds to the gap calculated by DFT, shown in Fig. 1 . Since we use the strong-coupling based impurity solver, we could not describe the states near the DFT ground state with negligible U . Typical U values for Pu are 4 -4.5 eV 6,43-45 , and in that range selfconsistency could be achieved. As a function of U from 3.5 eV to 4.5 eV, the computed band gaps decrease from 15.2 meV to 10.3 meV. By including the effects of correlations on the Pu 5f electrons, the DFT+DMFT band gap is reduced by one order of magnitude relative to the overestimated DFT band gap, which supports the notion that electronic correlations play an important role in PuB 4 . Furthermore, we note that a spin-polarized DFT calculation without U incorrectly predicts a magnetic ground state in contradition with the experimental results, thereby necessitating the need to include correlations. Because the insulating phase is maintained throughout the DFT+DMFT calculations, the robustness of the non-trivial topology is presumed.
In summary, transport and thermodynamic measurements on single crystals of PuB 4 demonstrate that it is a non-magnetic insulator. This is consistent with DFT calculations, which suggest that PuB 4 is a strong topological insulator. This may explain the saturating resistivity behavior at low temperatures. The presence of electronic correlations are revealed by the renormalization of the band gap as measured by resistivity, and reproduced in our DFT+DMFT calculations. Experimentally, PuB 4 shares many similarities with SmB 6 , but with a larger energy scale. Our results suggest that PuB 4 is a promising candidate to explore the effect of electronic correlations in a topologically non-trivial material. Spectroscopic probes, such as ARPES and STM, will be particularly valuable to understand this interplay.
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